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Project Background

The Pilchuck Creek and Jim Creek SeefagdyReport is a standlone document as all as one of a
series that together detail the key tasks and associated findings and conclusions of the Stillaguamish
¢CSYLISNI G§dzZNB ¢a5[ ! RFLIWGAGS !aaSaaySyid FyR LYLX SYSy

The purpose of th&tillaguamisiMDL Ruject is to improve water quality standards for temperature
and salmon habitat in the Stillaguamish basind®ntifying sources of cold groundwater in the streams
and rivers which would most benefit from protection. The need for the project was identifitrok

2004 Stillaguamish River Water Quality Improvement Plan.

The Stillaguamish TMDL Project incorporates several methodologies in its approach, which are
documented in separate reports, as follows:

1 Watershed Process Characterization
1 Base Flow Angsis
1 Temperature Regime Studies
0 FLIR Temperature Imagery Analysis
0 USGS Thermal Profiling Report
0 2008-2012 Temperature Data Report
Groundwater Seepagstudy(Pilchuck Creek and Jim Creek)
Assessment Synthesis and Project Identification Report
Ripaian Implementation Project Report
Feasibility Analysis for Two Temperature Improvement Projects

=A =4 =4 =

The project was funded through a Centennial Clean Water grant agreement between the Washington
State Department of Ecology and Snohomish County. It wagéwitiy Snohomish County Public Works
Surface Water Management in 2010 and completed in5201

The final summary report and associated maps can serve as a tool for policy and regulation

development, species conservation, water quality and watershed manegepianning efforts in the
Stillaguamish Basin.
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Executive Summary

Seepage studyz a field survey conducted to quantify the interaction between
groundwater and streams. Concurrent discharge measaments are made at points
alongthe mainstem of a steam The relative increase o decrease in discharge
betweenmeasurement points that is not accounted for through physal diversion
or tributary input is the volume of water exchanged between the stream and
groundwater storage.z Sinclair and Pitz 1999.

Filchuck Creek A seepagestudywas implemented on September 1, 20ihllower Pilbuck Creek (River
Miles 06.7). The seepge studyincluded the measurement astimate/review of flow at 25 locations,
includingflow measurement at Pilchuck Creek crosectins and 8 tributariesluring the 6 hour

period. Other locationsvere dry or were seeping groundwate&urface flow in Pilchuck Creek increased

by 65% from upstream to downstrear.{ mile3. Groundwater seepage contributed 60% of this flow
accumulation after accounting for surface inflawhe majority of groundwater inflowr,7% occurred

from RM 03.1. More discretely, the highest rate of groundwater inflow was nearest the mouth and
confluence with the Stillaguamish River. This high rate of groundwatewitdwers stream

temperature in Pilchuck Creek nearest the mouth where temperature is often unsuitable for salmon and
trout.

Upstreamfrom I-5, flow contributionfrom tributaries, floodplain areas, or othgroundwater discharge
locationspredominantly aose from the east (toward Harveyrmstrong subbasin)his discharge is
coincident with widespreadreas ofpermeableuplandglacial depsits (recessional outwash and
advance outwashor alluvium in the floodplainndicatingsummer bae flowfrom seepageyainis
correlated with these landscapscale geologic featurel locations withflow gaining reachesuch as
lower Pilchuck Creekemperature improvement could be achieved by a variety of approaches at the
habitat-unit, river-reach and catchment scad arge wood jamthat scour deep pools wilinprove
groundwder inflow to this key habitat type. Large wood that traps gravel, forces complex hydraulic
routing, and creates steeper water sloffeydraulic gradientpetween habitat units caimprove
hyporheic exchangéand cooling).

Large woodestorationcanimprove habitat complexity atoldtributary confluence locations thereby
enhancing habitat suitability whertemperaure characteristics are most likely to be favorabieidg
summer Atthe river-reach scalelarge woodams could promote sinuosity iacreasechannelcontact
lengthwith shallow floodplain groundwater discharg&/ood jams that alter flow routing and channel
migration also may increasmnnectivity with side ltannels or ofithannel haitats receiving floodplain
and upland dischargeAt the riverreach scaleprotecting ad improving stream shading witiparian
vegetation, angporomoting catchment arainfiltration, recharge, and surface flow retention (opposite of
ditching and channelation) could promote water rechaggior seasonal storage and sumniese flow
support.

Jim Creek the seepagestudywas implemented September 4, 2012. The seepsgdyincluded flow
measurementt 11locations, including 7 Ji@reek crossections and 4 thutaries. Other tributary
locations between discharge cressctions could not be sampled, which significantly limited overall
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evaluation of groundwater seepaght the same time, there appeared to be a 12% declirsream

flow at the end of the seepagein. Discharge values for 2 locations (15 and 22) were adjunstgtr by

12 %. e contribution of groundwater as seepage flow was estimated for 3 estbn pairs In the

first 8.5 miles of flow accumulation (upstream to downstregndischarge in@ased from 4.33 to 12.07

cfs an averageof 0.91 cfs/mile. This increase occurs where at least 14 mapped and unmapped
tributaries join Jim Creek, but their contrition was not calculated. At the same tiiria the lower 4

miles of Jim Creek, where local pptation, surface water storage, and total recharge are relatively less
than in upper Jim Creekow only increasedrom 12.07 to 13.28 cfs, an averageange of 0.3 cfs/mile.
Moreover, mostflow originated from Vos Creek (Location 23), which appareotiyributed 16.5% of

the total Jim Creek discharge during the seepage run (1.99 cfs). And, Vos Creek was very cold (12.3 C @
4:00pm 9/4/2012), originating from the Arlington Heighteepglacial outwash aquifekVhereas the

first crosssection pair was eBhated to havegroundwater inflow the other 2 locations appeared te
losing reaches, where nsurface flow decreasedownstreamdue to loss of surface flow downstream

of Vos CreekStream shading in this section is recommended

In locations with naturdly losing reachegemperature improvement could be achieved by a variety of
approaches at the habitainit, river-reach and catchment scales. At the habitmit scale, the
improvement of habitat complexity at coldater tributary confluence location®iay benefit habitat
guantity and qualityat thermally suitable locations.deper scour pools and hyporheic exchange may be
ineffectiveif warmer surface water flows sedurface At the riverreach scalein flow losing reaches,

side channels formed by bankfdischarge may be dry at base flowcieasing flooglain roughness
andsurface water storage during higher flow periaday promote rechargeo increase local floodplain
hydraulic gradientwhich may improveside-channel and ofthannel flow volume antabitat

availability. Otherwisgat the riverreach scale, protecting and improving stream shading from riparian
vegetationis crucial. BBmoting catchment area infiltration, recharge, and surface flow retention
(opposite of ditching and channelization)utd promote water recharg for seasonal storage and
improvedbase flow supporfor temperature control.

XASWMwidéCCWGrank010 Stilly TempStreamflows SeepageSeepagestudydoc 2



Introduction

Seepage runs are used to impravederstanding of the exchange of surface water and groundwater in a
stream and to determine the quantityf water being gained or lost from a eam reach(e.g. Sinclair

and Bilhimer 200y Seepage runs are implementbygmeasuringstream flowat several points along a
stream at the same instant time (or as close as possible) axtounting for angurfacetributary

inputs or diversionsOnce the surface water inflow locations and amaatequantified, thesequential

flow information can be used to identify whether groundwater is discharging to a stream reach (gaining
reach) or whether stream water is Hearging groundwater (losing reacl9eepage runs are typically
implemented at stream annual base flow, when the fraction of groundwater contribution relative to
surface runoff is normally highest in Puget So(iRitlz and Sinclair 1998hd when daily flowluctuation

is lessand often stable over many da{Sigure 1)The following mass balance equatignthe basis for
groundwater seepage evaluation

Net seepage gain or los€l¢ T¢ Qu¢g D
Qu = discharge at upstream end
Qd = discharge at the downstreand of a reach
T = sum of all tributary inflows within a reach
D = sum of all irrigation or diversion outflows

The results an estimate of thavater exchange betweesurface water ad ground water between
sequential crossextions. Stream reachg that arestrongly gaining due to groundwater contribution
mayalsohavecoolerstream temperature as coét groundwater flows into the surface water system.
Alternatively, stream reaches that lose surfagater to groundwater may warm significantly as water
surfa@ volume decreaseSeepage mis do not providénformation about gains or kses between each
cross sectionbut longitudinal streantemperatureprofiling, thermal infrared surveyand consideration
of larger landscape condins,such as floodplain extérand surficial gebydroogy(Vaccaro et al. 1998)
may assist with interpreting controls on flow contributioifie seepage ns will improveour
knowledge abougroundwater and surface water interactions in the targeted-balsinsand assist with
developng conceptual and site specific recommendations

For this project task, the followingpjectives andteps are as follows

1. Identify reach locationfor seepagestudycrosssections,

Select discharge measurement locati@ml confirm (estimate) flow from toutaries

Complete quantitative flow measurement at river cressctions, tributaries, and by estimation.
Calculate gaining and losing reachesigsnass balance equation,

Create GIS map of losing and/orrgag reaches for each stiasin,

Produce summartables andnterpretive report.

oA wWN

It should be notedhat this study does not allow fapecificinterpretation of groundwater flow
direction, volumes, or timing of flow volume exchange.
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Figurel. Pilchuck Crdewater year (20142011) daily flow highlightingeasonal flow recessidn
summer(AugustSeptemberpaseflow. 2011 seepagstudy dates are shownwith arrows.

Location Overview - Pilchuck Creek (2011) and Jim Creek(2012)

Recent watershed characterization results (Companiajegt report) suggesthat Pilchuck Creek;
1 lacksabundant water delivery from precipitation and snowpattle to lower headwater
elevation
1 has weak surface and near surface storage characteristics,
9 is more prone to rundfrather than recharge due thigh amounts of impermeablglacial
deposits (i.e., till) and bedrock geolqgy
1 has highedischarge potentiatiue to channel density

These wateflow process characterigissuggest Pilchuck Creek naturally will have lower summer base
flow (on a per areadsis and absolute ba¥isompared tomanyother Stillaguamish location$hese
watershed condions suggest Pilchuck Creek Wil very sensitive tother watershed and river
alterationsfrom land usepractices.

These watershed characterizaii results &0 suggest there may belatively lower groundwater

discharge tahe mainstem of Pilchuck Creek, but should be tested. Water temperature in lower Pilchuck
Creek is among the highest observed in the Stillaguamish River watd&heldomish County,

unpublished data) In the absence of influence from strong groundwater dischastyeam temperature

will be expected to be higher and more sensitivéneatingdue to lowbase flow andeffects from

channel alteratiorand/or riparian degradationThe seepagstudyin lower Pilchuck Creek will help to
identify whether groundwater inflow is variable and where this occurs in the lower seven holes.
groundwater process importance suggests that temperature could become easily degraded where

XASWMwidéCCWGrank010 Stilly TempStreamflows SeepageSeepagestudydoc 4



groundwater inflow is lowsiparian vegetation is disturbed, channel dimensions are wider (due to
sedimentation and erosion), and there is weak streambed connectivity with hyporheic water exchange.

Jim Creelhas greater overall water delivery, rechargarface storage, and dischye characteristics

than Pilchuck CreeldimCreek was chosen for this seepagedybecause it is suitable for wadeable

stream discharge measurement, it was previously investigated for its longitudinal temperature profile in
2011 (companion report), there &stakeholder interest in restoration implementation, and because

less is known about temperature variability in Jim Creek.

Methods

Seepage runs are implemented égnductingnearsimultaneousnmeasuements ofstream flow at

several points along a streaamd accounting fochanges in discharge frosurface tributary inputs or
diversions. Once surfa¢gbutary inputs or diversiofocations andtheir respective dischargeare
guantified, thestreamflow information carthen be used to identify whether gimdwater is

discharging to particularstream reachi(e., it is againing reach) or whether stream water is recharging
groundwaterin that reach(i.e., it is dosing reach).

Gage Information

Prior to implementing the seepage runs, dadjnfall and flav were trackedin Pilchuckduring the year
2011) and Jim (2018reeksBoth streams have been gaged for several years by the Washington State
Department of Ecolog§Ecology)Stream flow, continuously measuraad transmitted(every 15

minutes) at the steam gages, was used to pldre seepage ruaand display overall flow patterns

before, duringand after thedischarge measurements were takekt Pilchuck Creek, the gadecplogy
#05D070) is located at river mile 0.5, at old HWY 99 at Snohomish Coidgg B26 .1t beganoperating

in May 2004. Partial or completatafor water years 2002013 (except 2003) are available for

download at

https://f ortress.wa.gov/ecy/wrx/wrx/flows/station.asp?sta=05D070&historical=true#block?2

At Jim Creek, the gagEdology 85G070) is located at river mile 3.3, at WhitesdR Specific coordinate
information is available from Ecologiyhe gagdeganoperating inMay 2004. Partial or complete data
for water years 2002013 are available for download:at

https://fortress.wa.gov/ecy/wrx/wrx/flows/station.asp?sts05G070&historical=true#block?2

Seepage runs are best conducted during summer baseflow, because the relative contribution to stream
flow from groundwater is usually greatest and more easily detected dynénigpds oflow, constant
discharggFigures 1 and?2).

XASWMwidéCCWGrank010 Stilly TempStreamflows SeepageSeepagestudydoc 5
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Figure2. Jim Creek 202012 water year ddy flow. Red arrow show date of seepagstudy
(September 4, 2012

Flow Measurement Locations

Flow measurements fdyoth seepage ruswere primarily in the main creek of interediut also
included several accessible tributariesboth Pilchuck and Ji@reeks In Pilchuck Creekeven
discharge measurements were maitethe lower 6.7 milesf the channelln addition 25 other
locations were evaluatetbr the presence or absence db, either at the time of the seepagstudyor
afew weeks priorto it (during baseflow)in Jim Creeksevenmainstemlocations for discharge
measurementsvere chosen based caccess. Four tributaries were also measuredoddnnately,the
magnitude offlow at several othettributarieswasnot quantified and for a few remote locations,
presence of tributary flow wasot evaluatedat all. This survey focused on the lower 6.5 milesJim
Creek

Thesurveyedocations areshown onFigure 3 and Figureahdare grouped by the following
descriptions and approach used to estimate flow discharge:

Crosssectiong Locationsvhere stream discharggas measured using either a Pygmy meter or other
flow estimation techniquén combination with measurement of crosedional flow area (following
Rantz 1982)

Flow¢ Locations where flow was observadd measured oestimatd using floating objectFlow was
visually estimatedn some of these location®ut with more uncertainty. Other locations were known to
be flowing & the time of the seepagstudy, but flow was not estimated. These are designated-&sy

¢ No Measure

XASWMwidéCCWGrank010 Stilly TempStreamflows SeepageSeepagestudydoc 6



No Flowg Locations where tributar&ewere mapped or a surfackscharge pointo the mainstem creek
wasapparent but no flow was observeduring the sepagestudyor inthe daysimmediatelyprior.

Seepc Unmeasurable diffuse surfadischarge, fien along a verticadtreambankface abovea less
permeable sediment layer

EcologyGagec Ecology stream gage location

Unknown ¢ Alocationwith possiblesurface dischargenear offchannel pondsbut investigation was not
exhaustiveand the presumed absence of discharge is not certain

Field Measurements of Discharge

The gepagestudyin Pilchuck Creeiccurredon September 1 and 15, 2011. The seepsiyelyin Jim
Qreekoccurredon September 4, 201 Flowmeasurementwas accomplished with the use ofJaS.
Geological SurveyJSGEPygmy Meter, AquaCalc Pro compuiegom JBS Instruments, Sacramento,
CA) and a topset waling rod The USGS migection methodRantz 182)was followedit is described
online at:

http://pubs.usgs.gov/wsp/wsp2175/pdf/WSP2175 volla.pdf

Stream flow elocitywas measured inget per seconddepth was measured in feetanddischargevas
calculated (or visually estimated, where-gaged)in cubic feet per second (cfs). Floveasurement
locations were selected faase of access to facilitate multiple seepagedy measurementsData
recorded with the AquaCaladwere downloaded andsummarized using the AquaCéalataLink Pro
software(JBS Instruments, Sacramento, &% Appendix Aor more detail$.

During the second seepagaudyO2 Yy RdzOG SR 2y t Af OKdz0] 2RESE| 2FY
filamentous algae and other aquatic pta in the water column significantly limited higjuality flow
measurement and discharge estimation at most crasstions. In many instances, the water column
was filled with plant material that floated into the rotating Pygmy meter. Thus, these measatem
were judged unreliable and have not been reported or used in this analysis.

The Field Testing for Assessing Data Quality

For qualitycontrol purposes,aplicate discharge measuremenigre madeto assesshe repeatability
of measuremers. Of concern \&s the potential for errofbias)oetween flow meterdhat would require
post-calibration adjustment of flow measurements from differaneters although eachwasequipped
identically Pygmy meter, topsetwadingrod, and Aqu&alc Pro computer)Measuremet of flow
velocity by different team members (controlling for flow ameters was also evaluated.

Discharge was measured across a single transect to compare individual velocity measurements
(averagel over 40 seconds). The relative percent difference bemféow meters for 11backto-back
flow velocity measurements ranged from708% and average 2.3%. One of the flow meters was used
to repeat the same velocity measuremeatteach selected transect locatitoy a different team
member. Thsinter-teamrelative percent difference ranged from®.8%, and averaged 2.8%. The
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relative percent difference betweeftow meters for the computed transect discharge was 1.F#ithe
11 pairedvelocity measurementmade withtwo flow metersthere was nasystematiddiasin
measurementthree pairs ofvelocitymeasurementsvere identical, three were greater, ariive were
lessbetween the £'and 2 flow meter.

Neitherflow matercalibration norpost-processing dataarrection based onalibration was performed.

The meaarement performance objective for relative percent difference in this study was 5% for
discharge calculation (Leonetti and Bylin 2011), which was met. One velocity measurement out of 11
exceeded this performance objectivdsing standard USGS categoriaggfagedata quality these

resultsg 2 dzft R 0 S  véry ghaUATReAWR R obkaified at an ideal cros®ctionlocation,

however, andbther locations with more boulders and velocity variability may produce greater error

rates between observationg.orcomparison, Fulford (2001) expected relative percent difference for
velocity to be 1.65.0% and Sinclair and Bilhimer (2007) used 10% relative percent difference as a quality
objective for calculated discharge.

Mapping of Soils and Geology

Base map of saurated hydric soils (Snohomish Cou@gographic Information Syster®[3 Hydric

Soils layer) and highly permeable surficial geology (based on mapping units from Thomas et al. 1997)
were usedo support interpretation ofmap seepagstudyflow results, obsevations of tributary flow,

and coldwater discharge location®\lluvium, advance outwashnd recessional outwash deposése

the geologiaeposits with higher permeabilityost likely to support groundwateecharge(if

unsaturated) and to allowgroundwater dischargeif saturated;Vaccaro et al. 1998rompared toother,

less permeablelepositssuch as glacial till and bedrottiat typically impede groundwater movement
Locationawith saturated soilndicatehigh groundwatetevels whichmay contributeto maintenance of
summerbase flows

XASWMwidéCCWGrank010 Stilly TempStreamflows SeepageSeepagestudydoc 8
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Results

Pilchuck Creek

Figure Hisplay Pilchuck Creekdw on September 12011 ,based on Ecology streagage dataThe
shaded blocksthe time period when the seepaggudywasimplemented.Flowappeared to be
relativelystableduringthe study, though the stram gageaecordedrapid fluctuations in stage with no
obvious causeThe fluctuation could be due tecording sensitivity duringpw-flow conditions but they
were not investigated further

Flow measurement results frothe seepagestudyof Septemker 1 are shown in Table Detailed
AquaCalcDataLink Pro output file metrics are included in Appendil®vwas meaared or estimated
at 15 locationsincluding seven lower Pilchuck Creek crssstions, seven tributaries, amohe other
location where flow was visually estimate@ther locations visited (and shown in Figure 3) were dry.
After measuredsurfacewater inflows wereaccounted for between individual cresgections, the
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greatest increase in flow was observedhe reachbetweenRM 0.30.9 (-5 and Jackson GuldRd;
Stations 15 and 16)vhich wasattributable to groundwater inflow. This groundwater liodv was
estimated to ber% of total baseflow in Pilchuck Creek on the damnefsurement Because the
distance betweerthe I-5 and Jackson Gulétd. stationavas short (0.6 miles), the average rate of flow
increase was 0.cubic feet per second:{g/mile, more than @uble the rate of flow increasmeasured
anywhereelse alongRilchuck Creek.

Overall, the flow increase from the Highway 9 mainstem esession(Station 1)down to the Jackson
GulchRd. (Station 163rosssection was measured to be 3.5 dd]ow increase of 65% over 6.7 miles.
Sources of surface water infloaccount for only 40%f the total flow increasgwith the remainder thus
beingattributed to groundwater inflowMore thanthree-fourths of this inferredgroundwater
contribution between Station 1 and Station l@ccurreddownstream of Stanwoo@ryant RoadStation
11), a distance of 3.1 milesvith the balanceZ3% accumulaing inthe 3.6 miles upstrearof Station 11
The relative flow contributions andownstream changglisted inTabke 1are shown in Figuré. The
arrowsrepresent thetrend of changes in groundwateontributions.Thepreciselocation of
groundwaterdischargenear StanwoodBryant Road (Station 119 not known.

At the time of samplingthree surfacewater tributariest Tributary 80 (Station 3) a StanwooeBryant
Road tributary (Station 10) and a tributary 006550067 near the Stillaguamish Tribe NurséBtation
14)t combined to contribute approximately 12% of total Pilchuck Creek flow. The othéribiutaries
with surface flow were estimated to contributess than 4% of total flow.
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August 31 September 2 (18ninute intervals)

Figureb. Pilchuck Creek flow at Ecology stregage, prior to and after seepagudy, September 1,
2011 (11:0815:30 in box)
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Tablel. Pilchuck CreekeepageStudyResults September 1, 201Mainstem locations and floware bolded Crosssection nine was not measured

I;:;gr Flow Flow Dfference, = How Increase, ér\:)gljn%;[/sac;fer
Station Location (upstream to downstream) (cfs) (SBroundwater Groundwater E—
eepage (cfs) Seepage, % (cfs/mies)

1 StateHighway 9 nmainstem 7.0 5.42 NA

2 Left bank trilutary downstreamof Highway9 crossing 6.8 0.06'

3 Tributary 80 6.7 0.29

4 Downstreamof Tributary 80 mainstem 6.6 5.9 0.17 3.1 0.43

5 Left bank trilutary upstreamof tree farm access 6.3 0.01

6 Right bank tributaryipstream of ree farm access 6.0 0.02*

7 Treefarm accessnainstem 5.7 6.21 0.24 4.0 0.27

8 Left banktributary downstream of tee farm access 54 0.0%°

9 Cross section 9 and 2 flowing tributaries were not measui Unk Unk Unk Unk
Left bank tibutary upstreamof StanwoodBryantRoad

10 (9/15/11 valueused) 4.0 0.48

11 StanwoodBryantRd.mainstem 34  6.82 0.08 1.3 0.04

12 Left bank tibutary from Beaver Terrac€/9/11 valueused) 3.0 0.2

13 StillaguamishTribe Nurserymainstem 2.1 7.58 0.56 8.2 0.43

14 Right bank tritutary at Tribe NurseryStreams5006550067 2.0 0.31
Seeps from high sandstone terrace 1.9 Unk

15 I-5 mainstem 0.9 8.36 0.47 6.2 0.39
Tiny left bank inflow- not measurableover broken rubble 0.8 Unk

16 Jackson Gulch Rdnhainstem 0.3 8.93 0.57 6.8 0.89
Total (Dstancefrom Highway9 to Jackson GuldRd) 6.7 3.51 2.09 59.5 0.31

footnotes 1. Flow edtnated based on timing floating object and measuring cisesgional area
2. Flow was visually estimated
3. Groundwater flow is overestimated (and may be zero) as no flow measurement was obtained at two surface flow locations.
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Figure6. Pilchuck Creek flow measurement (lgfxis) and calculated groundwater flow difference
(righty axis) between cross sectioaadaveraged groundwater seepage flow rate (rigtaxis).Ground

water flow and flow rate/mi at RM 3.4 may lotose to zero or negativeircled) indicating a losing

reach

Locations with either surface anferred groundwater infloware shownin Figure?. The locations of

saturatedhydric soilsand highly permeablesurficial geology are also showrocations oburface inflow

which commonly contribute colder watesre shown with arrowsElevenout of 17 flow contributions

originated from the left bank of Pilchuck Crd@khite arrows, including seepgjrainingpermeablesoils

and geoloir depositseast of lover Pilchuck CreelR heeighttributary locations with no flow all

originated from the right bank of Pilchuck Creek.
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Figure7. Overlay of seepaggudyresult,flow obsenations,hydric soils, and permeability of geologic
deposits(based on Vaccaro et al. 1998). Generalizghitrand Idt-bank directionalnflow (blue and

white arrows, respectively) ghown
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